INTRODUCTION
Notch signaling plays an important role in developmental processes and adult tissue homeostasis by regulating cell fate determination, proliferation, differentiation and apoptosis (1) . Notch signaling is triggered upon interaction of the receptor with its transmembrane ligand. Upon this ligand-receptor interaction, Notch receptor undergoes to proteolytic cleavage at the membrane by Presenilins. This cleavage releases Notch intra cellular domain (NICD), which is then translocated to the nucleus where it can interact with a transcriptional activator Mastermind-like protein (MAML) and a transcription factor RBP-jK to activate the transcription of downstream target genes. Altered Notch signaling has been associated with many different diseases including cancer (2 -5) . Experimental evidence supports that Notch can act both as an oncogene and tumor suppressor gene depending on its expression levels and timing in a cell-type and context-dependent manner (6, 7) . Aberrant Notch signaling is involved in solid and hematological tumor formation, and activating mutations of Notch1 in humans promotes T-cell acute lymphatic leukemia (T-ALL) (2, 8, 9) . Osteosarcoma is the most common primary malignant bone tumor affecting predominantly teenagers and young adults. These mesenchymally derived high-grade tumors most frequently affect the metaphyseal regions of the distal femur, proximal tibia and proximal humerus. Although current understanding of molecular pathogenesis of osteosarcomas is limited, alterations of tumor suppressor gene expression and deregulation of major signaling pathways including the Wnt, TGF-b and Shh have been reported (10) . Emerging data strongly support that osteosarcomas may result from genetic and epigenetic disruptions of osteoblast terminal differentiation (10) . The role of Notch signaling in osteoblast differentiation, proliferation and lineage commitment was recently identified (11, 12) . Because of the importance of altered Notch signaling in tumorigenesis of hematopoietic (leukemia) and epithelial (gastrointestinal, breast and pancreas) origins, and because our previously published data support both pro-proliferative and antidifferentiation effects for pathological gain of Notch signaling, we investigated the role of Notch in osteosarcomas (8,11,13 -16) .
RESULTS

Notch and notch target gene expression are up-regulated in human osteosarcomas
By quantitative RT -PCR, we demonstrated that expression of NOTCH1, the Notch ligand JAGGED-1, and the transcription factors HES-1, and HEY-2, which are direct targets of NOTCH1 signaling, were significantly up-regulated in seven primary untreated osteosarcoma samples and three post-treatment osteosarcoma samples, when compared with wild-type osteoblasts (n ¼ 3) (Fig. 1 and Table 1 ). Interestingly, we also observed significant up-regulation of the Osterix transcription factor. This is consistent with our previous observation that gain of Notch function in committed osteoblasts of transgenic mice leads to proliferation of an immature osteoblastic population, arrest of osteoblast maturation and up-regulation of the Osterix transcription factor (11) .
Inhibition of notch signaling with g-secretase inhibitors decreases the proliferation osteosarcoma cells in vitro
If up-regulation of Notch signaling is pathogenic in human osteosarcomas, inhibition of Notch activity might reduce the proliferation of osteosarcoma cells. To test this, we incubated human osteosarcoma SaOs2 cells with two different g-secretase inhibitors to inhibit Notch signaling (DAPT and Compound E). This pharmacological inhibition of Notch signaling resulted in a significant reduction in cell proliferation ( Fig. 2A) . Additionally, two other human osteosarcoma cell lines namely SJSA-1 and Crl-1423 showed the similarly reduced proliferation after treatment with DAPT ( Fig. 2B ). Importantly, cell viability as assessed by Trypan blue staining was unaffected, indicating absence of an effect on cell death (apoptosis or necrosis) by these compounds (Fig. 2C ). While inhibition of g-secretase would be expected to abolish all Notch signaling, other Presenilin-dependent, Notchindependent functions may be affected. Hence, we determined the specificity of Notch inhibition on this cellular phenotype by transducing osteosarcoma cells with a lentiviral vector expressing a dominant negative Mastermind-like 1 protein (DN-MAML1). DN-MAML1 would be expected to directly inhibit Notch at the level of transcriptional complex assembly. We observed a similarly significant inhibition on cellular proliferation suggesting that chemical inhibition was at least in part Notch-specific (Fig. 2D ).
Chemical and genetic inhibition of notch signaling reduces tumor burden in vivo
We investigated how disruption of Notch signaling could influence the response of established human tumor xenografts in nude mice. First, we implanted SJSA-1 cells, transduced with either a lentivirus expressing YFP (SJSA-1-YFP) or dominant negative Mastermind-like (SJSA-1-DN-MAML), into nude mice. Nude mice bearing SJSA-1-DN-MAML cells showed markedly reduced tumor growth in comparison to the mice implanted with SJSA-1-YFP (Fig. 3A) . To determine, if the tumors could similarly be treated by pharmacological inhibition of Notch/Presenilin signaling with g-secretase inhibitors, nude mice bearing SJSA-1 xenografts were treated with intraperitoneal injections with 125 mg/kg DAPT for 2 weeks. No weight loss or significant pathological changes were observed during the course of the study (data not shown). However, DAPT-treated mice also showed substantial tumor retention in comparison to vehicle-treated control group (Fig. 3B) . Interestingly, no metastasis was observed in these mice as it was reported in a recent paper (17) . Mutations in the p53 gene have been associated with a wide range of human tumors, including osteosarcomas (18, 19) . Since p53 heterozygous mice develop osteosarcomas, we investigated the expression of Notch pathway components in the tumors obtained from p53 heterozygous mice using a microarray analysis. Transcriptional profiling of osteosarcomas showed that majority of Notch-signaling pathway components were significantly up-regulated in comparison to both an osteoblastic cell line MC3T3 and primary calvarial osteoblasts (Fig. 4A and B) . These included the ligands 
DISCUSSION
Unfortunately, little is known about the molecular basis of osteosarcoma, the most common primary malignant tumor of bone and the second highest cause of cancer-related death in children. It is likely that at least in a subset of osteosarcomas, the initiating events have features of a committed osteoprogenitor cell. Our data together with previous reports suggest that in a pathological context, gain of Notch function in committed osteoblast progenitors may be implicated in the pathogenesis of osteosarcomas in part by expanding an immature osteoblastic population via up-regulation of Cyclins and the Osterix transcription factor (11). Our previous observation that significant up-regulation of CYCLIN D1 in the osteoblastspecific Notch1 transgenic mice correlates with the observation in humans where 10% of osteosarcomas show amplification of the chromosomal region encoding CYCLIN D1 (20) .
Here, primary human osteosarcomas show transcriptional up-regulation of NOTCH, NOTCH ligand (JAGGED-1) and Notch target transcription factors (HES-1 and HEY-2). Expression of Notch in a case of human osteosarcoma was reported previously (21) . However, function of Notch in osteosarcoma still remains unknown. A recent study demonstrated that expression of HES1 was associated with invasive and metastatic potential of osteosarcomas, and inhibition of Notch pathway by a g-secretase inhibitor eliminated invasion in Matrigel without affecting cell proliferation, survival or anchorage-independent growth (17) . Hence, Notch effects may contribute to both proliferative and metastatic potential in osteosarcomas. While our data support a proliferative effect of Notch in osteosarcomas, we were unable to detect any obvious metastasis of the tumors generated in nude mice. Different phenotypic effects likely depend on the context dependence of specific cell lines used in each study.
Published reports support a role for dysregulation of the master osteoblast transcription factor Runx2 in osteosarcomas via functions related to growth-related G1 transition in osteoblastic cells and direct regulation of BAX in a pro-apoptotic program (22, 23) . Interestingly, our and others' data show that Notch can directly inhibit Runx2 function in vivo supporting dysregulation of Runx2 as another consequence of gain of Notch in osteosarcoma. Finally, our data suggest that increased Notch signaling occurs downstream of p53 loss of function in one of the few mouse models of osteosarcoma pathogenesis. Together our and others' data suggest that loss of p53 in a committed osteoprogenitor population leads to gain of function of Notch signaling with consequences on Cyclins and Osterix upregulation and Runx2 inhibition to account for proliferative and metastatic potential of osteosarcomas. While it is very likely that this pathway accounts for only one aspect of the complex pathogenesis of osteosarcoma, it provides a potential therapeutic target in what is until now a poorly treatable cancer. 
MATERIALS AND METHODS
Plasmids
For lentivirus vector production, plasmid encoding dominantnegative (DN) form of Mastermind-Like 1 (MAML) fused to eGFP was obtained from Warren Pear. The DN-MAML portion was excised and placed upstream of eYFP and downstream of an IRES. This 1.6 kb IRES-DNMAML-eYFP cassette replaced IRES-eYFP in pHIV-IRES-eYFP to make pHIV-IRES-DNMAML-eYFP. VSV G-pseudo-typed vector supernatants were produced as previously described (24) .
After 72 h, cell culture supernatants were harvested and clarified. Typical titers after concentration by ultracentrifugation were in excess of 10 8 IU/ml, for the two SIN vectors as assessed on HOS cells by epifluorescence microscopy. Titers of unconcentrated non-SIN vectors were in excess of 10 7 IU/ml.
Cell culture, BrDU incorporation and cell viability assay SJSA1, SaOs2 and CRL1423 cells were purchased from American Type Culture Collection. Cells were treated with BrdU labeling reagent according to manufacturer's instructions for 
RNA extraction and Q-RT -PCR analysis
Total RNA was extracted using TRIzol reagent (Invitrogen). cDNAs were synthesized from extracted RNA by using Superscript III First Strand RT -PCR kit (Invitrogen). Real-time quantitative PCR amplifications were performed on LightCycler (Roche) and with TaqMan assay (Applied Biosystems probe HS00172878-M1). b-actin and b2-microglobulin genes were used as internal controls for the quantity and quality of the cDNAs in real time PCR assays.
In vivo studies
Athymic female nude mice (6-8-week-old BALB/ cAnNCr-nu/nu) were purchased from National Cancer Institute (NCI). SJSA-1 (2 Â 10 
Patient samples
Osteosarcoma tumor samples were obtained from Pediatric Cooperative Human Tissue Network Biopathology Center (Columbus, OH, USA). The tissue samples were cut into 2 -3 mm wrapped in the foil, snap frozen in liquid nitrogen or cold isopentane. Samples are stored at 708C or colder until they are shipped to the investigator. The RNA from the tissues was extracted as described above and the relative expression of each tumor sample was calculated separately. Control human osteoblast RNAs were purchased from Cell Applications Inc. (see Table 1 for clinical characteristics of the samples).
Statistical analyses
Data are expressed as mean values+standard deviation (SD). Statistical significance was computed using Student's paired t-test. A P-value ,0.05 was considered statistically significant.
